In this paper a dynamic and steady state model of a distributed generation scheme is presented. Both the dynamic and steady state results of the simulation model are verified with those obtained from a laboratory prototype and the results showed a close agreement. The experimental model was designed to supply isolated loads as well as in parallel with the grid.
. They vary between simulating the steady state or the dynamic response of the FC. These models use the controlled rectifier to represent the fuel cell dynamics.
In order to build a good fuel cell simulator, a reliable mathematical model of the fuel cell is first developed, which allows the evaluation of the fuel cell dynamic response as well as its steady state performance. The dynamic response of the generating system is important from the control and system management points of view.
T
Proceedings of the 6 th ICEENG Conference, 27-29 May, 2008 EE008 -3 When considering CHP applications, the microturbine/ fuel cell scheme has higher overall efficiency compared to other cogeneration schemes. Low emission is another benefit from using the proposed scheme.
In this paper, section 2 describes the proposed scheme and the derivation of the mathematical model, section 3 illustrates the experimental model, section 4 gives the results from both simulation and the experimental model, and conclusions are presented in section 5.
System description
The proposed system shown in Figure ( 1) consists of a single shaft microturbine driving a permanent magnet synchronous generator, which produces ac power with variable frequency depending on the rotor speed of the generator. Because of the variable frequency nature of the generated voltage, a three-phase full wave bridge rectifier is used to rectify the ac power into dc at the dc-link. A Solid Oxide Fuel Cell (SOFC) is also connected to the dc-link. Since most loads require AC supply, the dc power is inverted into ac at the load side by use of a PWM inverter. A transformer connects the inverter to the load. Although this system is modeled and tested for isolated loads it can be used to supply grid-connected loads as well.
A. Microturbine
A large body of literature on modeling of microturbines has been reported [13]- [17] . Since the torque required from the microturbine is the only mechanical variable of interest rather than the mechanical behavior of the microturbine, the simplified model in Figure ( 2) is used to represent the microturbine [14] , [ 17] .
Fuel cell
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Input data q meth Fig. 1 . The proposed peak power shaver comprising a microturbine driving a PMSG, connected to a 3-phase full wave diode bridge rectifier. A SOFC is connected to the dc-link. A PWM inverter conditions the dc power into ac for the load. The microturbine consists of two parts, the mechanical prime mover and the electrical generator. The model for the mechanical part is divided into two subsystems, the fuel system and the turbine. The fuel system consists of the fuel valve and actuator. For a fuel signal (F d ) into the fuel system, the valve positioner equation is [17] : Where k fc and τ fc are actuator gain and time constant, respectively. The microturbine torque equation is:
The torque speed relation of the microturbine is shown in Figure ( 
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(8) Where, V s is the peak value of the generator stator voltage.
B. Bridge Rectifier
A three-phase diode bridge rectifier is used to convert the ac output of the PMSG to dc at the dc-link. The average value of the rectifier output voltage (V DC ) can be expressed in terms of the peak of the generator phase voltage as: 3 3
Assuming the rectifier to be lossless, the instantaneous real power on the ac side must equal that on the dc side, that is,
Substituting the value of (V DC ) from (9) into (10), the rectifier current is 3 2
As an uncontrolled rectifier is being used, no reactive power will be transferred from the PMSG to the dc link and hence the value of ds i will be zero. In order to write the differential equations for the overall system, we need to transform the electrical quantities from the dc side of the rectifier to the generator side. Using (9) and (11) Where the superscript g represents the quantity referred to the generator side and Z represents resistance and/or inductance.
C. Fuel Cell Model
Fuel cells convert the chemical energy contained in a fuel into electrical energy as Proceedings of the 6 th ICEENG Conference, 27-29 May, 2008 EE008 -6 illustrated in Figure (4) [19] . The chemical reactions directly involved in the production of electricity are given by: At the anode:
At the cathode: The developed model was based on the following assumptions:
• The fuel used is pure hydrogen; the fuel reformer is not modeled.
• Cell temperature is constant. Temperature variations across the stack are neglected, and the heat capacity of the cell is assumed constant.
• Only activation and ohmic losses are considered, by keeping the ratio of fuel to air constant all the time the effect of the concentration overvoltage can be ignored. The mathematical model of the fuel cell is derived by calculating the change in partial pressures of different reaction components, given by [7] :
The ratio of the molar flow rate of oxygen and that of hydrogen is kept constant at 0.856. The above equations describe three decoupled first order linear differential equations with inputs the inlet molar flow of hydrogen and the fuel cell output current. The above equations can be solved to give: ) 2 )( 1 ( 
The ohmic overvoltage ( ohmic V ) is due to electrical resistance of electrodes and the resistance to the flow of ions in the electrolyte [12] and is calculated by ohm's law. 
D. Pulse Width Modulated Inverter
Fourier analysis of the output voltage from the inverter takes the following form [20] :
Ignoring the higher frequencies, the amplitude of the inverter output voltage in a synchronously rotating reference frame can be expressed as;
Where, the quadrature axis is assumed to align with v qinv . Assuming the inverter to be lossless, the instantaneous real power from the inverter is equal to the dc link power, that is 
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Referring the ac side quantities of the inverter to the dc-link side by using (24) and (25) we get: Where, the superscript DC refers to the dc link side of the inverter.
E. Overall System Model
After referring all quantities into the PMSG side the overall system equations can be written from the equivalent circuit shown in Figure (6 
And the mechanical equations
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Fig . 6 . q-axis equivalent circuit for PPS.
Emulation model a) Fuel Cell
The proposed model consists of a separately excited dc generator. The output voltage from the dc generator is controlled by controlling its field current. Using a fully controlled single-phase bridge rectifier, the generator's field current can be changed in order to control its output voltage. Because of the nearly constant speed versus torque characteristics of the shunt motor, it is used to drive the dc generator at constant speed. The large inductance in the generator field circuit does not allow it to generate when supplied directly from the rectifier. To solve this problem, a capacitor bank is placed on the output of the rectifier and is used to reduce the fluctuations in the rectifier's output voltage, as shown in the block diagram [ Figure (7) ].
The control algorithm followed to present the fuel cell characteristics is as follows. By measuring the load current, the controller calculates the corresponding fuel cell voltage (E fc ) from equations (18) (19) (20) (21) (22) . The difference between the fuel cell voltage (E fc ) and the generator's output voltage (V g ) goes into a PI controller which controls the firing instants of the rectifier and hence the value of the generator's output voltage.
Because the proposed model is a laboratory small scale size and is intended to represent small size as well as large size fuel cells, per unit values are used to represent different electrical quantities where the base values of which are included in the control program. These base quantities can be changed in the control program to represent different fuel cells.
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th ICEENG Conference, 27-29 May, 2008 EE008 -10 Figure (8) shows a photograph of the laboratory setup. Using a data interface card, the measured signals from the generator terminals are conditioned into a range suitable for the Data Acquisition Card (DAQ). An NI-6025E DAQ is used to read the signals and generate the rectifier control voltage. The software used is LabView because of its advanced capabilities to do real time measurements and control. The Graphic User Interface (GUI) of the software allows the user to change different fuel cell parameters in real time and notice the changes it has on the model. 
b) Microturbine
The steady state characteristics of the mechanical part of the microturbine are represented using a shunt dc motor which drives the PMSG. Following Equation (1) the torque produced from the Microturbine at any instant can be estimated by knowing the corresponding per unit value of the shaft speed. Figure (9) shows a block diagram of the laboratory model of the microturbine. Two signals are measured from the shunt motor its rotor speed (N r ) and its armature current (I a ). The difference between the armature current and the calculated armature current is fed into a PI controller which determines the control voltage to the single-phase rectifier. Proceedings of the 6 th ICEENG Conference, 27-29 May, 2008 EE008 -11 the control voltage to the single-phase rectifier.
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Simulation and experimental results
The proposed model was simulated using MatLab and the simulation results are shown in Figures (10-15) . During these simulations the load changed from 0.47 to 0.65 pu at 75 sec. and was then removed at 370 sec. Load insertion and rejection is shown in Figure (10 ). The load current is shared between the fuel cell and microturbine which is shown in Figures (11), (13) . Due to the increase in the fuel cell current, the fuel cell voltage is reduced as shown in Figure (12) . In order to keep the output load voltage constant, the value of the modulation index is controlled using a PI controller as shown in Figure (14) . Figure (15) shows the load real power output from the system.
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th ICEENG Conference, 27-29 May, 2008 EE008 -12 The experimental model is used to verify the simulation results presented above and the results are shown in Figures (16)-(21) . During the experiment the load voltage was kept constant at 1 pu. Comparison between the experimental measurements and the corresponding simulation results shows a close agreement for all the curves except for the microturbine current in Figures (17) and (13), the reason for this is that, only the steady state torque-speed relation of the microturbine is modeled in the system. Figure  (16 ) shows the load current where the load is increased at 70 sec and removed at 240 sec. Figure (17) shows the microturbine current. Fuel cell current is illustrated in Figure  ( 18) a small overshoot occurs in the fuel cell current and is limited by the inductance associated with the generator armature inductance. The generated voltage corresponding to the fuel cell current is shown in Figure (19) . Figure (20) shows the change in modulation index in order to get the required load voltage and the corresponding load real power shown in Figure (21) .
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Conclusion
In this paper, a distributed generation scheme has been presented. The mathematical dynamic model has been derived. A laboratory model was built to produce the characteristics of the computer model. The experimental results confirmed a close agreement with computer simulations. This study showed that a separately excited dc generator can be used to represent a fuel cell. The high inductance in the generator's field circuit allows it to simulate the slow fuel cell dynamics. This model has been designed to supply isolated loads as well as those connected to the power grid. It can also be integrated with different distributed generation sources for peak power shaving Proceedings of the 6 th ICEENG Conference, 27-29 May, 2008 EE008 -14 also be integrated with different distributed generation sources for peak power shaving of connected loads.
